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Abstract

The high conformality of intensity-modulated proton therapy (IMPT) dose distributions causes
treatment plans to be sensitive to geometrical changes during the course of a fractionated
treatment. This can be addressed using adaptive proton therapy (APT). One important question

in APT is the frequency of adaptations performed during a fractionated treatment, which is
related to the question whether plan adaptation has to be done online or offline. The purpose

of this work is to investigate the impact of weekly and daily online IMPT plan adaptation on

the treatment quality for head and neck patients. A cohort of ten head and neck patients with
daily acquired cone-beam CT (CBCT) images was evaluated retrospectively. Dose tracking of the
IMPT treatment was performed for three scenarios: base plan with no adaptation (BP), weekly
online adaptation (OAyy), and daily online adaptation (OAp). Both adaptation schemes used an
in-house developed online APT workflow, performing Monte Carlo (MC) dose calculations on
scatter-corrected CBCTs. IMPT plan adaptation was achieved by only tuning the weights of a
subset of beamlets, based on deformable image registration from the planning CT to each CBCT.
Although OAp mitigated random delivery errors more effectively than OAyy on a fraction per
fraction basis, both OAyy and OAp achieved the clinical goals for all ten patients, while BP failed
for six cases. In the high-risk CTV, accumulated values of Dggg, ranged between 97.15% and
99.73% of the prescription dose for OAp, with a median of 98.07%. For OAyy, values between
95.02% and 99.26% were obtained, with a median of 97.61% of the prescription dose. Otherwise,
the dose to most organs at risk was similar for all three scenarios. Globally, our results suggest
that OAyy could be used as an alternative approach to OAp for most patients in order to reduce the
clinical workload.
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1. Introduction

Head and neck (H&N) cancer patients often present challenging cases for treatment with
radiation therapy due to the proximity of target volumes to organs at risk (OARS), such

as the spinal cord, larynx, parotid glands, or others. These cases benefit from steep dose
gradients in the planned dose distribution, which allow for highly localized doses in the
clinical target volume (CTV) while avoiding the surrounding OARs. Intensity-modulated
proton therapy (IMPT) can create such steep dose gradients and, therefore, has the potential
of reducing the dose deposited to healthy tissue compared to photon radiotherapy, while
providing equivalent target coverage (Miralbell et a/ 2000, Barten et a/ 2015, Blanchard et
al 2016, Leeman et a/ 2017, Moreno et al 2019). However, sharp dose gradients created by
IMPT are highly sensitive to geometrical changes in the patient, which may degrade the
overall treatment quality (Lomax 2008b, Paganetti 2012, Géra ef a/ 2015, Muller et a/ 2015,
Szeto et al 2016, Stitzer et a/2017). Since radiation therapy treatment plans are designed
based on an initial simulation CT scan for planning, various error sources might occur
during a fractionated treatment and distort the dose distribution actually delivered to the
patient. These errors include patient set-up variations and day-to-day (i.e., interfractional)
anatomy changes.

Set-up variations are caused by inconsistent positioning of the patient on the treatment
couch compared to the patient’s original position and posture recorded on the planning CT.
Such set-up variations usually lead to random errors in dose delivery between fractions.
Interfractional anatomy changes can have several sources, out of which weight loss and
tumor shrinkage are especially relevant for patients receiving H&N cancer treatment (Beaver
et al2001, Wu et al 2009, Elstrgm et a/ 2010). In contrast to random set-up variations,
which typically lead to blurring of the delivered dose distribution, weight loss and tumor
shrinkage often result in systematic errors and can severely impact the treatment quality.
This is especially true for IMPT plans due to the finite range of individual proton beamlets.

To account for uncertainties and potential delivery errors throughout the treatment,
additional margins are applied around the target volume during treatment planning to ensure
proper tumor coverage for all fractions. While target margins increase the probability of the
tumor receiving its prescribed dose, they also inevitably raise the overall integral dose to
healthy tissue and OARs, increasing the risk for side effects. Moreover, simply expanding
the prescription dose-volume does not guarantee sufficient target coverage for all fractions
due to unforeseeable changes in patient anatomy throughout the treatment. As an alternative,
robust IMPT optimization can be performed when creating a treatment plan by explicitly
considering different uncertainty sources during the optimization process (Liu et a/ 2013,
van Dijk et a/ 2016, Unkelbach et a/2018). The resulting robust plan is substantially

less sensitive to the considered uncertainties and will deliver a clinically acceptable dose
distribution, as long as the deviations from the original planning scenario do not exceed

a certain level. As reported in the cited studies, robust optimization typically outperforms
plans that utilize the simple target margin approach in terms of treatment quality. However,
the increased plan robustness is usually realized by smoothing dose gradients in the target
region. As a consequence, the integral dose to healthy tissue and OARsS is yet again
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increased (Chen et a/2012, van de Water ef a/2016), diminishing some of the potential
dosimetric benefits provided by IMPT.

Since both target margins and robust optimization account for delivery uncertainties at

the cost of an increased dose deposited in the surrounding healthy tissue, adaptive proton
therapy (APT) presents a viable solution to maintain the benefits of IMPT, consistent target
dose and reduced OAR dose, throughout a fractionated treatment (Simone et a/2011, Kurz
et al 2016b, Veiga et al 2016, Bernatowicz et a/ 2018, Botas et a/ 2018, van de Water et a/
2018, Nenoff er al 2019, Albertini et a/2020). APT can either be performed offline, which
often involves a complete treatment re-planning on a new set of contours should the original
plan not meet the clinical objectives, or online, i.e., while the patient is positioned on the
treatment couch and ready for beam delivery. Since online APT can respond more rapidly
to the changes in patient anatomy, it has the advantage of not interrupting and delaying the
treatment, as well as the capability to account for set-up variations of the patient at each
fraction. The latter could allow for target margin reduction, potentially reducing the integral
dose to healthy tissue.

A study published previously by our group reports a significant improvement in treatment
quality for H&N cases utilizing an online APT approach (Botas ef a/2018). The online
adaptation workflow in that work was performed based on Monte Carlo (MC) dose
calculation and cone-beam CT (CBCT) images, which are routinely acquired in some proton
therapy centers for daily patient alignment and positioning (Hua ef 4/2017, Landry and
Hua 2018). However, this study assumed a daily adaptation scheme and did not address the
impact of adaptation frequency on the treatment quality. While the clinical implementation
of daily adaptation could be feasible based on the reported time requirements (~5 minutes
per fraction), a less frequent adaptation scheme might be sufficient for systematic delivery
errors caused by, e.g., weight loss and tumor shrinkage. The overall increase in treatment
time induced by online APT could represent a burden for some patients lying still on the
couch and waiting to complete the fraction, therefore decreasing the number of adapted
fractions would favorably reduce the clinical workload.

In this study, we investigate the impact of adaptation frequency on the treatment quality for
H&N patients receiving IMPT by directly comparing weekly online adaptation (OAyy) with
daily online adaptation (OAp). The main goal is to analyze how decisive the added value

is in terms of plan quality if one invests the time and resources for OAp. Both adaptation
schemes are also compared with the unadapted base plan (BP) scenario. A representative
cohort of ten H&N patients with daily acquired CBCTs was considered by evaluating the
target coverage and OAR sparing throughout the treatment.

Methods and Materials

2.1 Patient cohort

A representative cohort of ten H&N patients with daily acquired CBCTs was considered

in this retrospective study. The tumor locations include the oral cavity, oropharynx, and
larynx. Since at the time of this study, CBCT imaging was not available for our proton
patients, the analysis was based on patients originally treated with volumetric modulated arc
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therapy (VMAT). The number of CBCTSs per patient ranged between 31 and 35 image sets
(i.e., fractions), for a total of 320 analyzed scenarios. The CBCTs were acquired with an
Elekta X VI system using a 100 kVp tube voltage, 10 ms exposure, and 10 mA tube current.
The acquisition was performed with a centered panel position over 220 degrees, a 20 cm
collimator, and no bowtie filter.

For each patient, a planning CT was available with the corresponding planning contours,
delineated by an experienced oncologist. Both a high-risk CTV and a low-risk CTV were
defined in each structure set. The high-risk CTVs included the primary tumor and the
adjacent high-risk lymph nodes, while the low-risk CTVs covered bilateral lymph nodes
considered at risk for subclinical disease. Furthermore, contours of the spinal cord, parotid
glands, constrictor muscles, larynx, brainstem, esophagus, and oral cavity were classified as
OARs.

2.2 Treatment planning

An IMPT plan was created for each patient using RayStation (v8.99, RaySearch
Laboratories, Stockholm, Sweden). The treatment plans were designed and optimized with
a simultaneous integrated boost (SIB) technique, where the prescribed mean dose was set
to 57 Gy(RBE) and 70 Gy(RBE) for the low-risk CTV and high-risk CTV, respectively.

For both CTVs, the following objectives were defined: Dgg = 95% and D, < 107% of the
prescribed dose, where Dgg and D, are the minimum doses to 98% and 2% of the target
volume, respectively. For the OARSs, the following constraints regarding the mean dose
(Dmean) or maximum dose (Dmax) Were applied: Dmax < 45 Gy for the spinal cord, Diean <
26 Gy for both parotid glands, Dyean < 42 Gy for the constrictor muscles, Dpyean < 40 Gy
for the larynx, and Dpax < 54 Gy for the brainstem. All plans were optimized to deliver the
prescribed dose to the CTVs using multi-criteria optimization (MCO), with objectives set to
separately minimize the generalized equivalent uniform dose (JEUD) to the defined OARs,
in addition to the esophagus and oral cavity. The goal of this study was to demonstrate

the effectiveness of adaptive strategies to ensure coverage of a defined target volume. In
order to do so independent of institution or planner dependent margins, we decided to use
the CTV. Furthermore, no robust optimization was employed during treatment planning,
resulting in sharper dose gradients around the target volume and deliberately creating a more
challenging case for the adaptation algorithm.

All ten IMPT plans were created with our clinical proton beam template: three fields
originating from different gantry angles (60°, 180°, and 300°), each using a range

shifter with a corresponding water equivalent thickness (WET) of 40 mm and a 30 mm
minimum air gap. The proton beam specifications were based on the /BA Dedlicated Nozzle
beam model, with the spot sigma (o) in air ranging from 2.5 mm to 6.4 mm for the
applicable nominal beam energies (between 225 MeV and 65 MeV, respectively). Dose
calculations and optimization during treatment planning were performed using the Monte
Carlo algorithm in RayStation on a 2.0 x 2.0 x 2.0 mm3 dose grid, assuming a constant
relative biological effectiveness (RBE) equal to 1.1.
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Image pre-processing

An essential requirement for online APT is the acquisition of volumetric images of the
positioned patient, providing information on the patient’s set-up and anatomy of the day.
This information can be obtained by acquiring a CBCT scan immediately before beam
delivery. The online APT algorithm then requires a deformation vector field (VF) calculated
between the planning CT and the CBCT to adjust the treatment plan parameters based on
the discrepancies between the two image sets. Before calculating the deformation VFs, the
image quality of the CBCTs was improved using a scatter-correction technique.

In APT, the dose calculation can either be done on a virtual CT (vCT) by deforming the
planning CT to the daily CBCT (Landry et a/2015, Veiga et al 2015, Kurz et a/ 20163,
Thummerer et a/2020) or on the CBCT directly if the necessary corrections to the image
quality are applied (Kurz et a/2015, 2019, Park et a/2015, Lalonde et a/2020). For this
work, the latter approach was realized. The main contributor to the unsatisfactory image
quality of CBCTs is X-ray scatter originating from the patient and the detector panel.

As a result, the reconstructed image sets provide a compromised Hounsfield unit (HU)
accuracy. To reduce the resulting image artifacts and restore HU accuracy, our CBCTs
were scatter-corrected in the projection domain using a U-shape deep convolutional neural
network (DCNN) trained to reproduce Monte Carlo calculated scatter distributions (Lalonde
et al 2020). This technique was validated using a method developed specifically for proton
dose calculations on CBCT images for APT (Park et a/ 2015).

Following scatter correction, the daily CBCTs were aligned to the plan isocenter by
performing rigid registration from the CBCT to the planning CT. This step was achieved
using Plastimatch, an open-source tool for medical imaging and radiotherapy image
processing (Sharp et a/2010, Shackleford et a/ 2012). The rigid registration was done based
on the target volumes within the patient instead of registering based on the entire image.
This was realized by defining an extended bounding box around the target volume contour
(high-risk CTV plus low-risk CTV) and then calculating the six degrees of freedom (6-DOF)
VF only for the image information inside the bounding box. The calculated 6-DOF VF is
then applied to the whole CBCT image, matching it to the planning CT. The extension of the
bounding box around the target volume was set to 20 mm in each dimension. This alignment
of the CBCT to the planning CT imitates the clinical routine, where the medical staff uses
the CBCT scan to verify the patient’s position during treatment by applying a 6-DOF shift of
the treatment couch.

The scatter-corrected and aligned CBCT images were used for deformable image
registration (DIR) of the planning CT for each fraction. DIR was performed with the GPU
parallelized B-spline algorithm in Plastimatch. The calculated deformation VFs map the
original planning CT to each CBCT and, as such, were used to propagate the planning
contours to each CBCT. The accuracy of the propagated structures had to be visually
verified on the CBCT image, as there is no automated and robust method to validate the
structure contours for H&N scans (Li ef a/2017, Botas et a/ 2018). Furthermore, the
deformation VFs were later inverted to track the dose accumulated throughout the treatment
by deforming the dose distribution of each fraction back to the planning CT.
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Two final modifications of the CBCTs were performed before launching dose calculations
for the online APT workflow. First, image artifact regions caused by the patient’s dental
filling of each CBCT were masked with the propagated artifact contour, setting a constant
HU value of 26 — this was done to imitate the procedure implemented in RayStation.
Second, the CBCT image was supplemented with the CT image to fill in the potentially
missing information of the external patient anatomy, caused by the limited field of view
(FOV) of the CBCT scans. To clarify, there were cases where some of the planned proton
beamlets missed part of the patient’s skin, as it was not acquired by the reduced FOV of the
CBCT. As a mitigation method, the volume beyond the CBCT FOV was complemented with
the planning CT. The resulting images were verified visually and used for dose calculations
during the online APT workflow.

2.4 Online plan adaptation

IMPT plan adaptation was performed with an in-house developed online APT framework
employing GPU-accelerated Monte Carlo (gPMC) for dose calculations (Jia et a/ 2011,
2012, Giantsoudi et a/2015, Qin et a/ 2016). Compared to analytical dose calculations,

MC significantly improves the accuracy in proton therapy, which is especially true for
treatment sites that exhibit considerable tissue heterogeneities (Lomax 2008a, Paganetti
2012, Grassberger et al 2014, Schuemann et a/2015), such as H&N cases. As described
earlier, each daily scatter-corrected CBCT received a new set of contours for dose scoring
based on which plan adaptation was performed. For each CBCT, a dose-influence matrix
was calculated with gPMC to derive the dose contributed by each proton beamlet of the
treatment plan. To increase computational efficiency, the dose-influence matrices were only
scored in regions of interest defined by the propagated contours (target volumes and OARS).

Plan adaptation based on a complete re-planning might result in the best plan possible

at any given fraction. However, it may require quality assurance as beamlet distributions
(weights and energies), as well as range shifter requirements might change. As we aim

at a first adaptive workflow while the patient is prepared for treatment, we decided to

allow only changes in weight for a subset of beamlets without changing their positions or
energies. This approach reduced the complexity of the required adaptations because it does
not modify the plan’s number of energy layers, increasing the deliverability of the adapted
plans. This method might be considered a delivery correction instead of plan re-optimization
— a distinction with potential impact on clinical workflow guidelines.

Based on the calculated dose-influence matrices, an in-house developed radiotherapy
optimization algorithm (Trofimov et a/2005) was employed for beamlet weight re-
optimization. The optimization was performed according to the same objectives as for the
nominal treatment plans. Beamlet weight tuning was applied to the smallest set of beamlets
carrying at least 33% of the total beam’s weight, whereby the number of selected beamlets
had to comprise at least 10% of the total number of beamlets. Finally, the adapted plans
were verified by performing dose calculations on CBCTs with g°PMC and scoring the dose
for the propagated contours.
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2.5 Evaluation metrics

Two adaptation frequencies were evaluated and compared: daily online adaptation (OAp)
and weekly online adaptation (OAy). OAp was applied by performing online adaptation

of the nominal treatment plan at each fraction to achieve the defined clinical objectives for
that fraction. OAy was realized by performing the same adaptation approach on the first
available day of each week, and then using the adapted plan for all fractions during the

rest of the week (i.e., until the next weekly adaptation). Both adaptation schemes were also
compared with the unadapted base plan (BP) scenario. Out of the 320 fractions, 79 were
adapted for the OAy scheme (24.7% of the total). On average, almost every 41" fraction was
adapted instead of every 5! during a weekly schedule because most patients did not receive
treatment on each day of the week.

The evaluation of all IMPT plans was based on the calculated dose-volume histograms
(DVH) and their corresponding metrics. In particular, the Dgg and D of the high-risk CTVs,
as well as the Dgg of the low-risk CTVs, were analyzed to evaluate the target coverage

(all in % of the prescription dose). This evaluation was done both for individual fractions
and for the dose accumulated throughout the treatment. Dose accumulation was achieved by
inverting and applying each deformation VF to its corresponding fraction dose distribution
and then scoring the deformed dose in the planning contours, effectively tracking the
cumulative dose. Furthermore, the dose accumulated in OARSs was analyzed by evaluating
their relevant dosimetric values (Dmean Of D1cc, both in Gy(RBE)). The D1 is used as an
alternative metric to Dpy,ax for evaluation of the spinal cord and brainstem to decrease the
sensitivity to noise.

3. Results and Discussion

The performance of the three delivery scenarios is first analyzed for the dose per fraction. In
figure 1, the evolution of the target coverage delivered for individual fractions throughout the
treatment is presented for three representative patients. The displayed cases were selected
due to their suitability to represent different observations made for all patients. The BP
scenario for patient A exhibits a systematic degradation of the target coverage over the
course of treatment. The weight loss was also noticeable in the CBCTs. Patient B, on the
other hand, shows random fluctuations caused by anatomical positioning inconsistencies
with the planning CT. The Dgg for the high-risk CTV indicates a worse performance of
OA,y than BP for individual fractions, especially for the fifth week of treatment. Finally,
patient C exhibits no clear trend throughout the treatment with very low fluctuations.
Overall, OAp achieves the best target coverage, whereby both OAp and OAyy outperform
BP.

The main take away from figure 1 is the occurrence of systematic and random delivery
errors over the course of a fractionated treatment and their impact on online adaptation
schemes. We observe that both OAy, and OAp are capable of mitigating systematic errors
caused by patient weight loss or tumor shrinkage, while random errors caused by daily
positioning and anatomy variations are only effectively accounted for by OAp. In some
cases, OAyy even led to a worse week of treatment than BP in terms of target coverage
(e.g., 51 week for patient B). This can occur if the weekly adaptation is performed on a
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fraction during which the patient’s position substantially deviates from the regular treatment
position.

While the results depicted in figure 1 suggest the superiority of OAp over OAyy, the dose
accumulated throughout the treatment may serve as a clinically more meaningful evaluation.
Figure 2 shows DVHs of the same three patients, comparing the cumulative doses of all
three delivery scenarios. OAp and OAyy achieve very similar target coverages for patients A
and C, while a noticeable difference can be observed for the high-risk CTV of patient B. For
this patient, OAyy barely reached the clinical objective defined for the high-risk CTV (Dgg

= 95.0%, which exactly matches the objective). The dose to the low-risk CTVs delivered by
OAy and OAp achieved the clinical objectives for all three patients.

Although OAyy did not achieve all defined clinical objectives for every individual fraction
(see figure 1), all three patients received a clinically acceptable cumulative dose at the

end of treatment. The reason for this outcome is the impact of the previously discussed
systematic and random delivery errors on the treatment plan quality. While random errors
typically result in blurring of the delivered dose distribution, systematic errors can result in
severe underdosing of the tumor. Systematic errors are, therefore, by far more decisive when
considering uncertainties, especially for proton therapy due to the finite range of proton
beamlets. The capability of OAyy to mitigate systematic delivery errors is the reason why
the resulting accumulated dose distributions show similar performances for both adaptation
schemes.

Figure 3 presents a more insightful comparison of the cumulative dose distributions
delivered by OA and OAp for the three representative patients. The axial CT slices
displayed in the figure were selected by locating relevant regions with the highest
discrepancies between the two adaptation schemes. Figure 3 a) shows the cumulative
isodose lines of OAy and OAp, both represented by 95% of the prescribed dose for the
high-risk CTV and low-risk CTV, yielding 66.5 Gy and 54.1 Gy, respectively. Overall, the
corresponding isodoses match each other very closely, apart from patient B, where OAyy
fails to cover a part of the high-risk CTV in the neck region (compare with DVH in figure
2). The difference between OAyy and OAp in that region is also evident in figure 3 b), which
depicts subtracted dose maps of the two adaptation schemes (OAp minus OAyy) for the same
CT slices as in figure 3 a). Patients A and B exhibit differences of up to 4 Gy outside and
inside the target volume, respectively, while patient C shows minimal differences between
OAp and OAw.

The overall results regarding target coverage for all ten patients were summarized in
boxplots, as seen in figure 4. The evaluated dosimetric data are presented for the three
delivery scenarios, both for the dose delivered per individual fractions (320 data points) and
for the cumulative dose (10 data points). The dashed lines indicate the clinical objectives
set for the target coverage. Supporting the previously observed results from figure 1, OAw
exhibits substantial fluctuations compared to OAp when scored on individual fractions,
presumably due to daily positioning and anatomy variations (i.e., random errors). For the
dose accumulated at the end of treatment, however, OAp and OAyy yield comparable target
coverages. Both adaptation schemes achieved the defined clinical objectives for all ten
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patients, whereby, for OAyy, one case barely passed the required 95% for the Dgg of the
high-risk CTV (see figures 2 and 3, patient B). This case is indicated as an outlier in the
boxplot. The boxplots representing the Dgg of the low-risk CTVs are well above the clinical
objective for both adaptation schemes. The unadapted BP scenario yields substantially worse
results in all aspects due to underdosing of both the high-risk and low-risk CTVs for
multiple patients.

As for the OARs, both adaptation schemes show comparable performances (see figure 2).
Compared to BP, both OAp and OAyy improved the delivered plan qualities in all aspects,
increasing target coverage and OAR sparing. Similar to the cumulative target dose in figure
4, the dose accumulated throughout treatment in OARs and their relevant dosimetric values
are presented in figure 5. OAp and OAyy show similar results for all OARs, including the
integral dose to the healthy tissue. The displayed boxplots include all evaluated structures,
even if they were excluded from optimization due to their proximity to the target volume,
reflected by the outliers far above the clinical constraints (see parotid glands and constrictor
muscles). Compared to both adaptation scenarios, BP yields worse OAR sparing for all
evaluated structures. The brainstem is not included in the figure because its received dose
was low in all cases. This is seen in table 1, which summarizes dose distribution statistics
evaluated for all structures (targets and OARs). Based on the results presented in figure 5
and table 1, there is no clear advantage of OAp over OAy in terms of OAR sparing and
integral dose.

In summary, our results demonstrate comparable performances by the two adaptation
schemes, both in terms of target coverage and OAR sparing. The median Dgg for the high-
risk CTV was 97.61% and 98.07% of the prescription dose for OAyy and OAp, respectively,
while for the low-risk CTV, we obtained 97.60% and 97.97% for the same metrics. One
outlier was observed for OAyy due to a substantially lower coverage of the high-risk CTV
compared to OAp, resulting from daily positioning variations between fractions (patient

B). Nevertheless, both OAp and OAyy were able to meet the clinical goals for the two
CTVs of all ten patients, while the unadapted BP scenario failed for six out of ten cases.

In terms of OAR sparing, both adaptation schemes showed notably similar results for all
structures, as well as a reduced dose compared to BP, as seen in table 1. The integral dose
to healthy tissue remained comparable for all delivery scenarios. It should be noted that the
BP optimization was performed on the CTV without additional target margins because our
primary goal was to compare weekly with daily adaptation. For our purpose, the BP scenario
serves to demonstrate the plan degradation in a fractionated treatment if no adaptation is
applied. Furthermore, it shows that there is a clear difference between no adaptation and the
occasional weekly adaptation.

The fact that robust optimization was not employed during treatment planning also has an
impact on our results. Similar to the previously discussed absence of target margins, the
BP scenario without robust optimization is disadvantaged compared to the two adaptation
schemes. Furthermore, this will also slightly disadvantage the OAyy scenario compared

to OAp. For OAyy, the absence of robust optimization increases its sensitivity to daily
positioning and random anatomy variations, which is reflected by the fluctuations observed
in figure 1. This does not present an issue for OAp, where robust optimization would
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increase the integral dose due to less sharp dose gradients. To base the comparison between
OAp and OAyy only on adaptation frequency, we decided to exclude robust optimization
from both adaptation schemes and, therefore, created only one plan as an initial starting
point for each patient.

Since dose calculation was performed on scatter-corrected CBCTSs, the results for the BP
might slightly suffer from range errors as the initial plans were optimized on the CT. The
extent of these range errors comes down to the HU accuracy of the corrected CBCTs. The
method we applied for scatter-correction was reported to yield a 3%/3mm gamma passing
rate of 98.72% for experimental CBCT patient images (Lalonde et a/ 2020). It should be
noted that, in figure 1, these residual range errors may result in an offset of the evaluated
metrics for BP, which does not justify the observed degradation trends and high fluctuations.

The observed results suggest that a reduced number of adaptations might be sufficient
instead of OA to reduce the clinical workload and increase patient comfort throughout the
treatment. Although OAp delivered superior dose distributions in terms of target coverage,
OAy achieved the same clinical goals while reducing the number of adaptations and the
time required in the clinical workflow. For our patient cohort, OAp required between 8 and
22 minutes to adapt the plans for each individual fraction, with a median adaptation time of
12 minutes, out of which MC dose calculation and optimization were the most demanding
steps. This could be reduced with optimized hardware and software architecture. The reason
for the increased adaptation time compared to our previous study (Botas ef a/2018) is the
higher number of beamlets planned to cover both target volumes. Another challenge that
will need to be addressed is quality assurance (QA) of the adapted plans. In addition to
reduced time requirements, adapting weekly instead of daily would allow for an easier QA.

4. Conclusion

We evaluated the impact of online adaptation frequency on the plan quality for H&N

patients receiving IMPT treatment by comparing weekly online adaptation (OAyy) with daily
online adaptation (OAp). Most importantly, we performed adaptation by only adjusting

the weights of a subset of beamlets instead of reoptimizing plans, thus accomplishing
transparent plan adjustments. Our results revealed a notably similar performance of OAy
compared to OAp. The median Dgg for the high-risk CTV was 97.61% and 98.07% of the
prescribed dose for OAyy and OAp, respectively, while the low-risk CTV reached 97.60%
and 97.97% for the same metrics. In terms of OAR sparing, both adaptation schemes showed
a comparable performance for all structures. In conclusion, our study suggests that OAyy
could be employed as an alternative approach to OAp to reduce the clinical workload and
increase patient comfort throughout treatment.
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Evolution of the target conformity (high-risk CTV and low-risk CTV) over the full course of
treatment for a subset of three representative patients. The target coverage and overdose are
evaluated using the Dgg and D, respectively (both in % of the prescription dose). The red
dots represent which fractions of the OAyy scenario were adapted. Overall, OAp achieves
the best target coverage, while both OAp and OAyy outperform BP.
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Figure 2:
DVHs for three representative patients, comparing the accumulated doses over the course

of treatment, delivered by BP (dotted line), OAyy (dashed line), and OAp (solid line). OAw
yields remarkably similar performances to OAp for patients A and C, both in terms of target
coverage and OAR sparing. For patient B, however, a clear difference regarding the high-risk
CTV coverage can be observed between OAyy, and OAp. In terms of target coverage, patient
B exhibits the worst result for OAyy, which barely reached the clinical objective for the
high-risk CTV. Both adaptation schemes improved the target coverage and decreased the
dose to all OARs compared to BP.
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a) Cumulative isodose lines of OAyy and OAp, each representing 95% of the prescription
dose for the high-risk CTV and low-risk CTV (66.5 Gy and 54.1 Gy, respectively). The
only noticeable difference between OAyy and OAp can be observed for patient B, where
OA,y fails to cover part of the high-risk CTV. The remaining isodose lines mostly overlap,
indicating similar accumulated dose distributions by OAy, and OAp. b) Dose difference
maps (OAp minus OAyy) for the same CT slices. Differences of up to 4 Gy can be observed
for patients A and B, whereby the latter case indicates underdosing in the high-risk CTV for
OAyy. Patient C exhibits insignificant differences throughout the whole CT image set.
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Boxplots summarizing the metrics evaluated from the target (high-risk and low-risk CTV)
DVHs for all ten patients, both for the dose delivered per individual fractions and for the
dose accumulated throughout the treatment. The dashed red lines represent the defined
clinical objectives regarding the target coverage. The boxplots include the median, the 1st
and 3rd quartiles (25th and 75th percentiles) represented by the lower/upper hinges, the
lower/upper whiskers extending from the corresponding hinges to the smallest/largest value
no further than 1.5 times the inter-quartile range between the hinges, and individual outliers

plotted beyond the whiskers.
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Boxplots comparing the dose accumulated at the end of treatment for different OARs of all
ten patients (Dmean and D1cc). The dashed red lines represent the clinical constraints defined
for the corresponding OARs. Overall, both adaptation schemes perform similarly in terms of

OAR sparing, while BP shows an increased dose for all structures.
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Table 1:
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Dose distribution statistics achieved in different structures (targets and OARSs) for all ten patients by the three
studied delivery scenarios.

Scenario Median (min-max)

ROI Metric Objective Dose
BP OAy OAp
Deg [%] Somoe | Perfrac. | 9428(68.05-9831) | 96.73(71.78-98.90) | 97.56(95.18-98.89)
% =99% | Accum. | 94.70(92.96-98.06) | 97.61(95.02-99.26) | 98.07 (97.15-99.73)
High-risk CTV 104.40 (102,21~ 103.84 (102.91- 103.54 (102.90-
0 Per frac. 114.96) 109.16) 104.69)
D [%] S107% 1 accum. 103.48 (101.60— 102.44 (101.91~ 10258 (102.00—
110.22) 103.47) 103.45)
. Perfrac. | 94.21(78.70-97.01) | 9652(85.08-98.25) | 97.40(96.16-98.36)
| 0, 0,
Low-risk CTV Des [%] 295% | ‘Accum. | 9507(89.76-96.39) | 97.60(97.03-98.43) | 97.97(97.34-98.65)
Spinal Cord Dicc [GY] <45Gy | Accum. | 16.65(10.60-20.89) | 11.99(8.39-25.18) 12.03 (8.50-25.26)
Brainstem D1 [GY] <54 Gy Accum. 1.19(0.47-24.71) 0.97 (0.44-15.12) 0.99 (0.43-15.08)
Ipsilateral Parotid |  Drean [GY] <26Gy | Accum. | 27.44(1363-57.90) | 23.80(11.69-56.31) | 23.60(11.29-56.35)
Contralateral Dumean [GY] | <26Gy | Accum. | 19.84(16.20-5212) | 1574(1448-5282) | 15.95(14.21-52.81)
Larynx Dinean [GY] <40Gy | Accum. | 28.43(7.01-42.13) 24.48 (6.82-36.09) 24.37 (6.92-35.89)
C&”j;gl‘;ts‘” Dimean [GY] <42Gy | Accum. | 36.05(10.73-59.84) 30.86 (9.26-59.81) 30.90 (9.26-59.88)
Oral Cavity Dimean [GY] None | Accum. | 12.25(6.83-52.65) 12.35 (6.18-50.95) 12.15 (6.21-51.20)
Healthy Tissue '”t?gsilD]"se None | Accum. | 5234(43.39-87.60) | 51.60(43.04-87.54) | 51.76 (43.06-87.56)
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